The aim of this study was to investigate the effect of high fructose intake associated with moderate increase in adiposity on rat arterial adrenergic responses and their modulation by perivascular adipose tissue (PVAT). After eight-week-lasting substitution of drinking water with 10 % fructose solution in adult normotensive Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR), their systolic blood pressure, plasma triglycerides, and relative liver weight were elevated when compared to their respective control groups. Moreover, in SHR, body weight and relative heart weight were increased after treatment with fructose. In superior mesenteric arteries, PVAT exerted inhibitory influence on adrenergic contractile responses and this effect was markedly stronger in control WKY than in SHR. In fructose-administered WKY, arterial adrenergic contractions were substantially reduced in comparison with the control group; this was caused mainly by enhancement of anticontractile action of PVAT. The diminution of the mesenteric arterial contractions was not observed after fructose treatment in SHR. We conclude that the increase in body adiposity due to fructose overfeeding in rats might have prohypertensive effect. However, in WKY it might cause PVAT-dependent and independent reduction in arterial contractile responses to adrenergic stimuli, which could attenuate the pathological elevation in vascular tone.
Introduction
Increased values of body mass index (BMI) achieving the level of obesity are generally considered to associate with higher cardiovascular risk due to cardiac overload, activation of pressor systems, and diabetic impairment of heart and blood vessels (Vaněčková et al. 2014 , Head 2015 . However, the results of some recent studies have brought indications that moderately increased body fat might even be connected with better survival in patients with documented cardiovascular disease. Azimi et al. (2013) demonstrated that moderate overweight positively influences survival in subjects with coronary heart disease. Furthermore, authors from all over the world confirmed such effect in overweight/pre-obese persons and this phenomenon was termed -and probably a little overstated -as "obesity paradox" (Curtis et al. 2005 , Kumakura et al. 2010 .
The link between increased adiposity and modification in cardiovascular function could also comprise the adipose tissue which surrounds and is closely adjacent to heart and vessels. This adipose compartment, previously considered as having only mechanical and isolating function, is now regarded as a highly metabolically active organ, which directly influences the functional and other properties of the adjoining cardiovascular tissues. It was shown, e.g. that perivascular adipose tissue (PVAT) attenuates vasoconstriction in many types of vessels; this was demonstrated mainly in rat conduit and small arteries (Soltis and Cassis 1991, Verlohren et al. 2004) . It is suggested that under physiological conditions, healthy perivascular adipocytes produce as yet unidentified transferable factor(s) termed adipocyte-derived relaxing factor (ADRF) which hyperpolarizes vascular smooth muscle cells by activating different types of potassium channels on their membrane, and this process leads to inhibition of vasoconstriction (Gollash 2012 , Tano et al. 2014 . A number of PVAT-derived "anticontractile" molecules have been identified so far; besides adipokines (e.g. adiponectin), these include also cytokines/ chemokines, some gaseous molecules (nitric oxide, hydrogen sulphide), angiotensin 1-7, methyl palmitate, and reactive oxygen species (hydrogen peroxide) (Gao et al. 2007 , Szasz and Webb 2012 , Cacanyiova et al. 2016 . However, there are many evidences that in pathological conditions associated with cardiovascular and metabolic dysfunction, PVAT could contribute to adverse alterations in vessel morphology and function, by releasing substances that support inflammation, smooth muscle cell migration, and atherogenesis (Uchida et al. 2016, Xia and Li 2017) . It was shown that in obese patients with metabolic syndrome the total PVAT mass around small arteries was increased while its anticontractile effect was completely lost, and markers of hypoxia and inflammation were detected (Greenstein et al. 2009 ). Similar results were found also in animal genetic and diet-induced models of obesity (Ketonen et al. 2010 , Aghamohammadzadeh et al. 2015 . On the other hand, in spontaneously hypertensive rats (SHR) characteristic by low body weight (Puzserova et al. 2014) , the defect in anticontractile action of mesenteric arterial PVAT was also detected and is proven to be importantly involved in the exaggerated sensitivity of SHR arteries to vasoconstrictors (Gálvez et al. 2006 . The potential causal relationship between the reduced PVAT mass and its insufficient anticontractile effect in SHR might support the idea about the above-mentioned paradox of beneficial impact of moderately increased body fat content on cardiovascular system. The aim of this study was to investigate the effect of moderate growth in adiposity in normotensive and spontaneously hypertensive rats on anticontractile effect of PVAT in their mesenteric arteries. For this purpose, long-term high fructose administration was applied to rats because this monosaccharide has specific lipogenic metabolism and it is capable to evoke body weight gain (Lustig 2010, Tappy and Lê 2010) .
Methods
The animal protocols were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health, and they were approved by the Animal Health and Welfare Division of the State Veterinary and Food Administration of the Slovak Republic. Twelve-week-old male normotensive Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats were used and randomly divided into following groups: WKY (n=10) and SHR (n=9) receiving fructose (as 10 % solution replacing drinking water) for the period of the following eight weeks, and the age-matched control WKY (n=7) and SHR (n=7) receiving just tap water. All rats were housed at 22 -24 °C on a 12:12-h dark-light cycle (06.00 -18.00 h lights on) and maintained on a standard laboratory rat chow ad libitum.
Systolic blood pressure was measured in conscious animals by the non-invasive tail-cuff method. At the end of the treatment (i.e. in 20 th week of life), rats were sacrificed under CO 2 anesthesia, their relative heart weights and relative liver weights (as the ratios of heart or liver weight to tibia length) were determined and samples of their blood were collected for measurement of plasma triglyceride concentration. The superior mesenteric arteries were isolated from all rats and collected in cold modified Krebs solution with the following composition (in mmol/l): NaCl 118, KCl 5, CaCl 2 2.5, MgSO 4 1.2, KH 2 PO 4 1.2, NaHCO 3 25, glucose 11, CaNa 2 EDTA 0.03. The arteries were cut into rings 3.0 -3.5 mm of length. Paired arterial rings, one with PVAT preserved and the other with PVAT removed, were prepared from each artery. PVAT removal was carried out with fine scissors under microscope with extra caution not to damage the adventitial layer. The arteries were suspended in 20 ml organ chambers with oxygenated (95 % O 2 + 5 % CO 2 ) modified Krebs solution maintained at 37 °C. For measurement of contractile activity, the preparations were set up for isometric tension recording using a force-displacement transducer Sanborn FT 10 (Sanborn, Baltimore, USA). The preparations were equilibrated under a resting tension of 10 mN for 60 -90 min, and the solution was changed every 15 min.
Adrenergic contractions were determined in endothelium-intact mesenteric arteries, using the same protocol in rings with intact PVAT and in rings with PVAT removed. First, neurogenic responses were elicited by electrical stimulation of periarterial sympathetic nerves. The arterial rings were stimulated by two parallel platinum plate electrodes placed on either side of the preparation and connected to an electrostimulator ST-3 (Hungary). Frequency-response curves to electrical stimuli were obtained using square pulses of 0.5 ms in duration, at supramaximal voltage (>30 V), applied at 1 -32 Hz for a period of 20 s. The neurogenic (sympatho-adrenergic) origin of the contractile responses was confirmed pharmacologically, as described in Török and Zemančíková (2016), indicating that they were elicited mainly by endogenous noradrenaline released from electrically stimulated periarterial adrenergic nerves. Subsequently, after 30 min of recovery, the concentration-dependent contractile responses to cumulatively applied exogenous noradrenaline were performed. At the end of the measurements, contraction to excitation by high K + concentration in bath solution (100 mmol/l KCl) was determined in each artery. The chemicals used were purchased from Sigma-Aldrich (Germany). All drugs were dissolved in distilled water and concentration was expressed as final concentration in the incubation chamber.
Arterial isometric contractile responses to particular stimuli were expressed as the active wall tension in mN and normalized to the length of respective ring preparation (mm). Area under curve (AUC, in arbitrary units) was calculated from individual concentration/frequency-response curves in each experimental group. The negative log 10 concentration required to achieve the half-maximum contraction (pEC 50 ) was calculated for each dose-response curve to express the sensitivity to noradrenaline.
The results are presented as means ± SEM. Statistical evaluation was carried out by using Student's unpaired t-test. The differences were considered to be significant when p<0.05.
Results
The values in the Table 1 show that in 20 th week of life, control SHR had higher blood pressure, heart rate and relative heart weight; however, their body weight was significantly lower compared to that in control WKY. Administration of fructose from 12 th to 20 th week of life caused increase in systolic blood pressure in WKY as well as in SHR, without change in their heart rate. However, in SHR, higher values of relative heart weight were found after fructose feeding. Both fructose-fed groups had higher levels of plasma triglycerides and relative liver weights when compared to their respective controls. Body weight was increased due to fructose administration only in SHR.
In mesenteric arteries from control WKY, the presence of PVAT caused reduction in contractile responses to exogenous noradrenaline (AUC; Table 2) as well as to endogenous noradrenaline released from excited perivascular sympathetic nerves during transmural electrical stimulation (TES); however, in response to TES, the decrease due to PVAT was detected only at lower frequencies of stimulation (1 -4 Hz) (p<0.01) and did not manifest significantly in AUC values (Table 2) . In WKY arteries with intact PVAT, the sensitivity in dosedependent contractile responses to exogenous noradrenaline (expressed as pEC 50 ) was also decreased in comparison to that in arteries with removed PVAT. The contractions induced by 100 mmol/l KCl were not influenced by the presence of PVAT (Table 2) . Contractile responses to exogenous noradrenaline were significantly higher in PVAT-intact arteries from control SHR comparing to WKY, which is demonstrated also by higher sensitivity (pEC 50 ) and AUC in SHR; however, the differences between SHR and WKY arterial contractions were absent in preparations without PVAT (Table 2) . Similarly to WKY, the reduction in noradrenaline contractile responses due to the preservation of PVAT on arterial surface was observed in control SHR (Fig. 1) , which was manifested also by smaller AUC (Table 2) ; however, the anticontractile effect of PVAT in SHR was evidently weaker when comparing to WKY. The arterial neurogenic contractions evoked by TES were significantly higher in control SHR in comparison with WKY arteries, both with or without PVAT. The diminishing effect of PVAT on mesenteric arterial contractions to TES and to 100 mmol/l KCl was not detected in SHR (Table 2) . Figure 1A illustrates the reduction in contractile responses to exogenous noradrenaline in WKY mesenteric arteries after fructose administration. The diminution of contraction due to fructose was manifested in both types of preparations -with PVAT intact as well as PVAT removed; however, it was more pronounced in arteries with preserved PVAT. In contrast, the fructose-induced anticontractile effect was not seen in SHR arteries; the only change detected after fructose administration was the increase in contraction in response to the highest noradrenaline concentration in PVAT-intact arteries (Fig. 1B) .
When considering the neurogenic contractions to TES, the effect of fructose treatment was detected only in WKY arteries without PVAT; in these preparations, the contractile responses were significantly smaller in comparison with arteries from control WKY. In SHR, fructose administration did not induce any changes in arterial responses to EFS (Fig. 2) .
Contractions induced by 100 mmol/l KCl were not changed due to fructose administration (Table 2) .
Discussion
In this study we have confirmed that in healthy individuals, PVAT exhibits mostly inhibitory effect on arterial contraction which is in agreement with the results of other authors showing anticontractile action of this tissue in physiological conditions without significant manifestation of inflammatory and proliferative processes (Szasz and Webb 2012) . Moreover, our findings indicate that in healthy rats moderate increase in adiposity induced by high fructose intake might be associated with enhancement of anticontractile effect of PVAT on arterial wall. This could be mediated by the increase and/or change in spectrum of substances with relaxant properties which are released from perivascular adipocytes and hereby contribute to attenuation of possible increase in arterial tension. Fructose is a highly lipogenic sugar that has profound metabolic effects in the liver and its excessive consumption in humans has been associated with the components of metabolic syndrome (insulin resistance, elevated waist circumference, dyslipidemia, and hypertension) (Dekker et al. 2010, Tappy and Lê 2010) . It was shown that rats fed with fructose in the long-term develop hepatic steatosis, increase in adipose tissue mass and in circulating triglycerides, and decreased sensitivity to insulin and leptin (Lustig 2010). In our experiments, after eight weeks of fructose administration, WKY exhibited significantly increased liver weight and elevated plasma triglycerides indicating changes in hepatic metabolism of lipids. It can be assumed that some alterations might have been triggered also in adipocytes, due to increased circulating lipids and the necessity of their storage, which could lead to the growth of adipose tissue mass. Similar results were published by Crescenzo et al. (2014) who found that fructose-fed WKY had higher weight of particular adipose deposits (mesenteric, epididymal) in spite of unchanged total body weight, when compared to control group. The results presented in this study indicate that such trophic changes might have concerned also PVAT, and that they could be manifested initially by potentiating of its anticontractile properties.
In contrast, many authors demonstrated that in conditions of obesity and metabolic syndrome in humans as well as in experimental animals, PVAT has a potential to become "dysfunctional" in the sense that it contributes to vascular dysfunction through the release of S542 Zemančíková and Török Vol. 66 pro-contractile, atherogenic, proliferatory and pro-migratory substances. Such adverse properties of PVAT could be manifested by its altered vasomodulatory function and might profoundly alter the function of particular components of the vessel wall in the long-term (Greenstein et al. 2009 , Ketonen et al. 2010 , Aghamohammadzadeh et al. 2015 .
Regarding the presented results from fructoseadministered rats, one can presume that later, after progression in metabolic syndrome development, accompanied with further increase in adiposity and with expression of diabetic impairments in these rats, the character of PVAT action would change and it would become pro-contractile and pro-inflammatory. This is in agreement with the results presented by Beltowski (2013) who found that feeding rats with "cafeteria" (high-calorie) diet for 3 months resulted in obesity with signs of metabolic syndrome, whereas 1 month of feeding led to adiposity without insulin resistance. Interestingly, 1 month-lasting "cafeteria" diet increased production of hydrogen sulphide by PVAT and this was associated with an enhanced anticontractile effect of PVAT, whereas long-term "cafeteria" diet reduced hydrogen sulphide production and anticontractile effects of PVAT (Beltowski 2013) .
With regard to the above-mentioned facts one can state that to the certain level of its growth, PVAT may exhibit protective and beneficial action on vascular function. It seems that this "positive" effect might probably be caused non-specifically, produced only as a consequence of growing PVAT mass and the respective increase in production of vasorelaxant factors (predominant effect of quantity). However, after reaching certain level of adiposity, the properties of PVAT could importantly change due to inflammatory and diabetic alterations of this tissue. This is in agreement with the schema of Xia and Li (2017) who published an idea about the central mechanisms underlying the PVAT dysfunction in obesity. They described this phenomenon as "obesity triad" consisting of PVAT hypoxia, inflammation and oxidative stress (Xia and Li 2017).
It should be mentioned that the attenuation of adrenergic contractile responses observed in fructosetreated WKY could not be attributed only to PVAT because arterial preparations without PVAT also exhibited smaller contractions to exogenous noradrenaline and to TES. The anticontractile mechanisms (PVAT-dependent and independent) in fructose-administered WKY did not prevent the slight but significant increase in blood pressure; however, one can suppose that they could importantly slow-down it.
The situation seems to be different in SHR; this genetically hypertensive rat strain is characteristic by lower body weight and corresponding smaller body fat content in comparison with control WKY. Gálvez et al. (2006) found that the mesentery weight and its total lipid content are lower in SHR than in WKY. In this study we have confirmed that comparing to WKY, the anticontractile effect of PVAT in mesenteric arteries of SHR is significantly smaller, as shown also by other authors (Gálvez et al. 2006 , Li et al. 2013 . Therefore, one can speculate that the relationship between body adiposity and anticontractile properties of PVAT creates an analogy to the findings of Azimi et al. (2013) who described the subjects with lower BMI as having higher risk of mortality associated with cardiovascular dysfunction. documented that the release of the relaxant substance -palmitic acid methyl ester -is decreased in PVAT from SHR arteries; in contrast, PVAT production of angiotensin II is higher in SHR compared to WKY. Lu et al. (2011) showed that PVAT in thoracic aorta from SHR had similar cross section area compared to WKY but it contained higher density and total number of brown adipocytes, which indicates that it could have poorer secretory capacity. Except the decreased production of PVAT-derived relaxing factors, it was proposed that higher sympathetic innervation in PVAT ) and the deficient function of potassium channels in vascular smooth muscle (Li et al. 2013 , Bencze et al. 2016 could also partially contribute to the weaker anticontractile effect of PVAT in arteries from SHR. Gálvez-Prieto et al. (2008) documented that most of the above-mentioned PVAT alterations in SHR are manifested in 4 th week of their age and precede the development of hypertension, suggesting that they are strongly fixed in SHR phenotype. This could partially explain our findings that fructoseinduced moderate increase in body weight (and probably also in adiposity) did not induce significant changes in PVAT modulation of adrenergic responses in mesenteric artery of SHR. One can speculate that in SHR the paradox of beneficial effect of moderate increase in adiposity does not exist and that the growth in adipose tissue would continually pass to further impairment of arterial function.
In conclusion, the relationship between quantitative and qualitative characteristics of PVAT is not definite. Similarly to the paradoxical beneficial effect of overweight on cardiovascular function in humans, it seems that moderate growth in adipose tissue induced by high fructose administration could enhance the anticontractile action of PVAT in normotensive WKY rats which might attenuate the pathological increase in vascular tone during gaining weight. In contrast, in SHR which exhibit substantial impairments of arteries and of their regulation by PVAT in control conditions, the fructose-induced increase in adiposity does not lead to the improvement of PVAT function and to the reduction in arterial sensitivity to adrenergic stimuli.
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